Although the present-day Sun rotates too slowly to exhibit centrifugally-supported "slingshot prominences", at some time during its past it may have formed these clouds of cool gas and ejected them into the interplanetary medium. We determine the time period for this behaviour by using a rotation evolution code to derive the properties of the formation and ejection of slingshot prominences during the lifetime of a star similar to our Sun. The mass, mass loss rate and rate of ejection of these prominences are calculated using the analytical expression derived in our previous work. We find that for stars with an initial rotation rate larger than 4.6 Ω , about half of all solar mass stars, slingshot prominences will be present even after the star reaches the main sequence phase. In a fast rotator, this means that prominences can form until the star reaches ∼ 800 Myr old. Our results also indicate that the mass and lifetime of this type of prominence have maximum values when the star reaches the ZAMS at an age of ∼ 40 Myr for a solar mass star.
INTRODUCTION
Since the discovery of slingshot prominences in the fastrotating cool-dwarf AB Dor (Collier Cameron & Robinson 1989a,b) , new examples have been found in both single and binary stars (Barnes et al. 2000 (Barnes et al. , 2001 Byrne et al. 1996; Collier Cameron & Woods 1992; Dunstone et al. 2006a; Donati et al. 2000; Eibe 1998; Hall & Ramsey 1992; Kolbin & Tsymbal 2017; Skelly et al. 2008 Skelly et al. , 2009 Petit et al. 2005; Stauffer et al. 2017) . These cool gas clouds are seen in absorption, usually in the Balmer lines, when they transit the stellar disc. This is due to the scattering of chromospheric photons within the cloud. They can also be seen as an emission feature when they are beyond the stellar limb. So far, all the detections favour magnetically active cool stars (spectral types F,G and K) with rotation periods from 0.3 − 3 days, although fast rotating M-dwarfs can also host these features.
Stars that host prominences have ages ranging from 1 Myr, such as the T Tauri star V410 Tau (Skelly et al. 2010) , to ∼ 1 Gyr as in the binary star QS Vir (Parsons et al. 2016) implying that this phenomenon may be present at different evolutionary stages. For an older solar-like star, we can assume that these prominences no longer form as they are not detected in our Sun, but they may have been present E-mail: villarrc@tcd.ie in the past. AB Dor is a solar analogue pre-main sequence star (∼ 50 Myr; Azulay et al. (2017) ) showing a complex of prominences. Collier Cameron & Robinson (1989a,b) found at least 6 prominences around AB Dor, distributed between 3 and 9 stellar radii. This places them well beyond the corotation radius (2.6 r ). It is worth asking then over what phases of its evolution a star like our Sun would either start or stop forming prominences.
In Villarreal D'Angelo et al. (2018) we classified the magnetosphere of a sample of cool-stars by their ability to form prominences. This classification depends on the value of two radii: the co-rotation radius, rK = 3 GM /Ω 2 , and the Alfvén radius, rA. Stars with rK < rA may have a centrifugally-supported magnetosphere such that material flowing along closed magnetic field lines, beyond rK, can find a potential well where it will start to accumulate (Jardine et al. 2001; Ferreira 2000) . Mass accumulation in these potential minima will continue until the magnetic tension can no longer counteract the centrifugal force and the prominence is ejected.
The two radii mentioned above (rK and rA) are dependent on the rotation rate of the star and it is expected that they will change as the star evolves. Stellar cluster observations of rotation period distributions at different ages have helped to reproduce the history of the rotational velocity of low-mass stars. Constrained by the observations, rotational evolution models (Bouvier et al. 2014; Gallet & Bouvier 2015; Matt et al. 2015; Johnstone et al. 2015b; Tu et al. 2015; Amard et al. 2016; See et al. 2018) have shown that during the pre-main sequence phase, low-mass stars can have a low rotation velocity, even when they are contracting and accreting material from the circumstellar disk. Once the disk is dissipated, the star spins up as it contracts onto the main sequence. Once on the main sequence, magnetized stellar winds carry angular momentum away from the star causing it to spin down. From the main sequence onwards, the star will continuously spin down.
In this work we investigate the time span for which slingshot prominences may exist during the lifetime of a solar-like star i.e., for how long a star like our Sun satisfies the condition rK < rA, and also how the mass, massloss rate and lifetime of ejection of the prominence evolves. For this, we make use of the analytical expressions for the prominence parameters derived in our previous work (Villarreal D'Angelo et al. 2018) . These parameters are found to be dependent on the co-rotation radius of the star, the stellar magnetic field, mass and radius and a geometric factor that depends on the assumed prominence's volume (taken from AB Dor's observations (Collier Cameron et al. 1990) ). All of them are explicitly or implicitly dependent of the rotational velocity of the star. The stellar rotation rate dependency of these parameters can be translated to a time dependency by means of a rotational evolution code. We adopt the rotational evolution code developed in Johnstone et al. (2015b) and Tu et al. (2015) for a solar-like star from the pre-main sequence to the main sequence.
In section 2 we present the equations and the rotational evolution code that we used to obtain the time evolution for the prominence parameters. In section 3 we explore the condition for the formation of prominences for a solar-like star and present our results and discussion. Conclusions are presented in section 4.
METHODS

Rotational Evolution Code
We employed the results from a rotational evolution code from the work of Johnstone et al. (2015b) and Tu et al. (2015) . The code, originally developed to study the evolution of the stellar rotation and wind properties for low-mass stars on the main sequence (Johnstone et al. 2015b ) is extended to the pre-main sequence in the work of Tu et al. (2015) . The free parameters in the model are constrained using measured rotation periods from several stellar cluster at different ages: NGC 6530 (∼ 2 Myr), h Per (∼ 12 Myr), Pleiades (∼ 125 Myr), M50 (∼ 130 Myr), M35 (∼ 150 Myr), NGC 2516 (∼ 150 Myr), M37 (∼ 550 Myr), Praesepe (∼ 580 Myr) and NGC 6811 (∼ 1 Gyr). Combining these rotation periods to get rotation period distributions at different ages (from ∼ 2 Myr to ∼ 1000 Myr) and binning the masses of the stars within these distributions, it is possible to get percentiles of the rotational distribution for every mass bin and age. In particular, the authors employed the 10th, 50th and 90th percentiles of the distribution to fit their models.
The formula that gives the variation of the stellar rotation with time involves a knowledge of the star's moment of inertia (I ) and the torque (τw) on the star by the wind. To account for the variation of the moment of inertia, the radius, and the convective turnover times during the premain sequence, the model uses the stellar evolution model of Spada et al. (2013) . To better match the observational constraints on rotation, the model uses the common assumption (e.g. Gallet & Bouvier (2015) ) that the interior of the star is not rotating with a single rotation rate, but instead has two separate rotation rates, one for the core and radiative zone and the other for the outer convective zone. The two regions exchange angular momentum with coupling timescales of 30 Myr, 20 Myr and 10 Myr for the 10th, 50th and 90th percentiles respectively. The model also assumes disk-locking timescales of 10 Myr, 5 Myr and 2 Myr for the 10th, 50th and 90th percentiles. During the main sequence the variation of I is negligible.
The wind torque is calculated using the formula derived by Matt et al. (2012) and assuming that the dipole field strength of the star, B dip , and the wind mass loss rate,Ṁ , saturate at a Rossby number Ro = 0.13, where Ro = Prot/τ and τ is the convective turn-over time. The scaling laws that determine the dependency of these parameters with Ω presented in the work of Johnstone et al. (2015b) are written in terms of Ro to take into account the change in τ on the pre-main sequence (Tu et al. 2015) and sȯ
The free parameters in Eq. 1, a and b, are calculated by fitting the model results with the observations. In our case a = −2 and M ∼ M . The assumed scaling law for the dipolar magnetic field, B , is taken from the work of Vidotto et al. (2014) using the relation for the large scale averaged magnetic field, < |Bv| > with Ω 1 since, as mentioned by Dr Vidotto in private communication, < |Bv| > scales linearly with B . For a more detail explanation of the origin of these scaling laws and the assumptions made in constructing them we refer the reader to the work of Johnstone et al. (2015b) and Tu et al. (2015) .
The predicted Ω evolution for stars in the 0.9 -1.1 M mass range for the 90th, 50th and 10th percentiles of the observed rotational distribution are shown in Figure 1 . These tracks can be related to a fast, a medium and a slow rotator, respectively. The figure is the same as the one presented in the work of Tu et al. (2015) . The arrows on the x-axis show the ages of the clusters from where rotational period observations were measured. The initial velocities in Fig. 1 are determined by the percentiles of the rotational distribution from the youngest cluster and they remain constant until the disk-locking period ends. The assumption of a constant stellar rotational velocity while the stellar disk is present has already been employed in previous rotational evolution 1 We noticed an error in the exponent used in the paper of Tu et al. (2015) . When writing the scaling laws in terms of Ro, an exponent of 1.38 for the scaling of B should have been used in the model. This would not make any noticeable difference in our results and both exponent values falls within their errors. Surface angular velocity as a function of age from the rotational evolution code (Tu et al. 2015) . Three different tracks corresponding to the 90th percentile (blue) the 50th percentile (green) and the 10th percentile (red). The dashed black line indicates the angular velocity (4.6Ω ) for which r K = r A . Dots represent solar-like stars from Table 1 with masses around the 0.9 -1.1 M mass range.
models (Gallet & Bouvier 2013 , and is based on observational results that favours an scenario of spin equilibrium during the first few Myrs in the life of the star (Rebull et al. 2004; Herbst & Mundt 2005) . After the disk is dissipated, the star begins to spin-up as it contracts towards the zero-age main sequence (ZAMS). Once the star reaches the ZAMS (∼ 40 Myr) it will start to spin down as a consequence of the loss of angular momentum mainly due to the magnetized stellar wind. Close to the age of the present Sun (4.56 Gyr) all the tracks converge to the same spin rate due to the strong dependence of the wind-braking mechanism with Ω (Bouvier et al. 2014 ).
Prominence parameters
The prominence parameters that we are interested in studying were already derived in our previous work (Villarreal D'Angelo et al. 2018) and we briefly repeat here for completeness. Considering a dipolar magnetic field structure for the star, the prominence mass, mass loss rate and prominence lifetime are determined from the following set of equations:
mp =Ṁ 4πr
where G is the gravitational constant, B is the stellar average magnetic field value and M is the stellar mass. r is the stellar radius and rK the co-rotation radius. In Eq. 4, dA is the area at the stellar surface that maps to the corresponding prominence area at the equator. Finally, the F factor in Eq. 3 given by
, is a geometric factor that accounts for the integration in r and φ, in terms ofr = r/rK. We remind the reader that this set of equations corresponds to a single prominence at the stellar equator with a volume determined by the extension in φ andr, and with the assumption that the scale height of the prominence material is equal to the radius of curvature of the magnetic flux tube that contains it. All the stellar variables in Eq. 3-5 (B , M , r and rK) depend, directly or indirectly, on the stellar rotation and they will evolve as the star spin down through time. The change in these parameters with the rotation rate of the star can be translated to a time evolution employing the rotational evolution code presented in the previous subsection.
RESULTS & DISCUSSION
At what angular velocity did our Sun stop forming slingshot prominences?
In our previous work (Villarreal D'Angelo et al. 2018) we found, using the classification proposed by the massive star community (Petit et al. 2013) , that for a star to been able to support slingshot prominences, the Alfvén radius should be larger than the co-rotation radius. Since both radii will change with the stellar rotation rate, the condition for supporting prominences (rK < rA) may not hold during the entire life of the star. Indeed, these types of prominences are not seen in our Sun at the present time.
For a solar-like star, we can calculate how the corotation and Alfvén radii change with Ω. Ideally, we would be interested in calculating the evolution of both radii during the entire lifetime of the star, but determining the Alfvén radius is not a easy task. It requires the knowledge of several stellar parameters currently not well constrained in the early stages of stellar evolution. We have therefore chosen to calculate both radii during the main sequence phase only. Although this approach does not allow us to constrain the age at which prominences may start to form in the pre-main sequence, it does give constraints on when a solar like star will stop forming prominences at later ages.
The rA values are taken from Model A for a main sequence star of 1 M calculated in the work of Johnstone (2017) . In this work, the authors employed a 1D MHD wind model calculated using the Versatile Advection Code (VAC; Tóth (1996) ) and computed the different stellar wind solutions that result when varying the input parameters as a function of Ω (Johnstone et al. 2015a ). For every value of Ω we then have the corresponding Alfvén radius. The results are plotted in Fig. 2 together with the co-rotation radius as a function of the rotation rate for the same star.
In Fig. 2 , the Alfvén radius and co-rotation radius are equal at Ωeq = 4.6 Ω . Therefore, a solar-like star can support prominences during the main-sequence phase until its angular velocity reaches Ωeq. We also explored an alternative calculation of rA using the formula presented in Matt et al. (2012) . We found that using this prescription does not substantially change the estimated value of Ωeq. In the premain sequence, due to the lack of a consistent calculation of the Alfvén radius, we assume that the star could begin forming prominences after the protoplanetary disc is dissipated, if its initial rotation rate is larger than 4.6 Ω . The total period over which we expect the presence of prominences for this type of stars is showed as the shadow region in Fig. 3 . Figure 1 also shows the value of Ωeq (dashed black line) for which the co-rotation and Alfvén radii become equal. The position where this line crosses the three evolutionary tracks give us the age at which a solar-like star would stop forming prominences as the condition rK ≤ rA no longer holds. For a fast and medium rotator (90th and 50th percentiles) the ages are ∼ 800 and ∼ 400 Myr respectively. In the case of a slow rotator (10th percentile) the Ωeq line never crosses the evolutionary track, suggesting that a slow rotator may never form this type of prominences during its life.
Evolution for a single slingshot prominence in a solar-like star
The stellar parameters as a function of the age obtained with the rotation evolution model can be introduced in Equations 3-5 to get the mass (mp), mass loss rate (ṁp) and lifetime (τp) of a single prominence as a function of age, for a star of 1M . The estimation of these parameters needs the assumption of a prominence volume, which we have taken to be the one derived for AB Dor Collier Cameron et al. (1990) . The results are shown in Figure 3 for the 90th (fast rotator) and 50th (medium rotator) percentiles. The shadowed area in the figures represents the time during the life of the star when prominences can form. Even though we lack of a consistent calculation of rA in the pre-main sequence, the prominence parameters can be calculated in this regime as the do not depend on rA. From Fig. 3 we conclude that as the star evolves, the mass and ejection time follow a similar trend to the one observed for Ω, with maximum values found closer to the time when the star reaches the ZAMS. Prominence masses at this stage reach 10 18 and 10 16 g for the fast and medium rotators with ejection times of 1 to 14 
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days respectively. Mass loss rates for the prominences show a more constant behaviour during the pre-main sequence phase, decreasing towards the main sequence.
In this paper we have used one particular rotational evolution model to illustrate the age span over which slingshot prominences may be expected to form. While the quantitative results may change with the use of another model, we expect the general trends to be robust. Figure 3 also shows the observationally-derived values of mass and lifetime of prominences found in the list of stars presented in Table 1 . Circles represent cool stars while squares represents M-dwarfs. Most of the stars in Table 1 have a lifetime estimation for the prominences, but only a few of them have a mass estimation. The highest mass value estimated for slingshot prominences is found in LQ lup (G8IVe). In this case, and due to the fact that the star has a low inclination value (i = 35 o ), the entire prominence complex can be observe in emission and so the mass value represents the total mass of the prominence system. In the other cases, the estimated masses represents a lower limit since they correspond to a single prominence, as in our model, or a few prominences present in the hemisphere that faces the observer.
In general, the observed values of mp and τp found for stars with masses close to our Sun in Fig. 3 , lie within the fast rotating track and they cover most of the time that our model predicts slingshot prominences should exist. Additionally, we show the angular velocity and age of these stars on Fig. 1 . As expected, they fall between the medium and the fast rotating track of the rotational evolution model. This is not surprising as slingshot prominences were primary detected among fast rotators.
We are aware that values from the M-dwarfs and the very young star V410 Tau should not be included in this conclusion since they are not well represented by our model, because it considers only solar-mass stars. These stars will follow different evolutionary tracks from the one predicted by the model but they are shown on Fig. 3 for illustrative purposes. Figure 3 . Prominence mass (top), mass loss rate (middle) and lifetime (bottom) as a function of stellar age for a solar-like star, for two tracks corresponding to the fast (blue) and medium (green) rotator (90th and 50th percentile). The dashed vertical lines correspond to the ages at which the star can no longer support prominence formation, ∼ 800 Myr for a fast rotator and ∼ 400 Myr for a medium rotator. The shaded area represents the estimated time in the stars life for which prominences are present.
CONCLUSION
We have employed a rotation evolution code to obtain stellar parameters as a function of age and coupled this with the prominence model developed in a previous work to calculate prominence masses, mass loss rates and lifetimes during the life of a solar-like star.
We have found that the condition that enables the star to support the accumulation of material along closed magnetic field lines (rK ≤ rA) can hold from the early stages of stellar evolution and will last a few million years after the star has entered the main sequence. For a fast rotator this age is around 800 Myr, for a medium rotator it will be around 400 Myr, but for a star that begins with a low angular velocity (slow rotator), slingshot prominences may never form.
We have also found that for a medium and a fast rotator, prominences will be present for a considerable amount of time during their life. We believe that observing and characterising slingshot prominences at different stellar ages will help us to study the evolution of the coronal magnetic field. So far, studies of the structure of stellar coronae have been undertaken with the help of radio and X-ray emission observations for a few stars (Hussain et al. 2007 , and references therein). Detecting slingshot prominences is a much cheaper task since they can be observed as a transit phenomenon in the hydrogen lines.
The detection of slingshot prominences in a single star is most favourable for prominences with higher masses and longer lives, which produce a more noticeable, longer-lived transit feature. According to our study, these requirements are met around 40 Myr, when a solar-like star reaches the ZAMS. It is interesting to point out, that the first example of slingshot prominence detection was obtained for AB Dor, which is a solar-like star with an age around 50 Myr. Since that first detection, many young clusters have already been subject to spectroscopy studies, expanding the range of cluster ages within which such prominences may be detected.
